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Abstract. Diclectric spectroscopy (DS) of living biological
cells is based on the analysis of cells suspended in a
physiological medium. It provides knowledge of the
polarization-relaxation response of the cells to external
electric ficld as function of the excitation frequency. This
response is strongly affected by both structural and
molecular properties of the cells and, therefore, can reveal
rare insights into cell physiology and behaviour. This study
demonstrates the mapping potential of DS after cytoplasmic
and membranal markers for cell-based screening analysis.
The effect of membrane permittivity and cytoplasm
conductivity was examined using tagged MBA4 and MDCK
cell lines respectively. The comparison of the dielectric
spectra of tagged and native cell lines reveals clear
differences between the cells. In addition, the differences
in the matching diclectric properties of the cells were
discovered. Those findings support the high distinction
resolution and sensitivity of DS after fine molecular and
cellular changes, and hence, highlight the high potential of
DS as non invasive screening tool in cell biology research.

Keywords: dielectric spectroscopy, interfacial polarization,
cell screening, lectin, SEC13.

1. Introduction

Dielectric properties can provide a rare insight into
the cellular and molecular state of biological cells. Dielectric
study of biological cells was explored for the first time by
Hoeber, who investigated the dielectric properties of
Erythrocytes [1]. The foundations of understanding the
dispersion mechanism of biological cells suspended in
physiological medium have been suggested by Schwan
based on the theories of mixed dielectrics, developed by
Maxwell & Wagner [2-4]. Since then, the dielectric
properties of many cell types have been explored by a
number of authors [5-9].

Dielectric properties of biological cells are mainly
characterized by g dispersion mechanism which accounts
for the medium (MF) and high (HF) range of the radio

spectrum [9-10]. This mechanism is due to Maxwell-
Wagner effect (interfacial polarization, according to
Onsager it can also be assumed as molecular polarization
[11]) at the external and internal interfaces of the
phospholipids membrane [12-14]. In addition, a minor
contribution may be due to dispersion of small intracellular
organelles, which usually appear as a small adjunct to the
B dispersion at high frequencies.

Dielectric spectroscopy (DS) techniques can provide
comprehensive knowledge about cell structure and properties,
intracellular content, membrane shape and selectivity and
many more [15-22]. Dynamic dielectric spectroscopy allows
real time quantification of cellular and molecular processes
occurring in cells during variety of biological mechanisms
like: growth, activity, division efc. [23-27].

Recent interests in the development of new throughput,
non destructive screening techniques are largely driven by
the potential for associating physical methods with cell and
molecular biology methodologies. Cell based screening is a
powerful method that uses living cells to test the effect of
different molecules like drugs and toxicants on the cellular
and molecular phenotype of cells. This technique requires
the use of high sensitive tools that permit high speed systematic
identification of biochemical targets and markers on given
cell libraries. This study is aiming to demonstrate the use of
DS as potential screening tool for Bio-markers in cell based
screening analysis. In order to understand its methodological
impact, it is critical to get an insight into more fundamental
rescarch of membranal and cytoplasmatic tagging effect.

In this study, Madin-Darby Canine Kidney Epithelial
(MDCK) and Bone Marrow derived Pre-Osteoblastic (MBA)
cell lines have been used to investigate the effectiveness of
DS after intracellular and membranal markers respectively.
Here the intracellular effect was checked using SEC/3 over-
expressing MDCK cells. The effect of the membrane was
tested by coating MBA cells with free lectin antibodies that
bind glycosylate elements on cell surface. The analyzed
dielectric spectra confirm the influence of both markers on
the dielectric parameters of the cells. Cytoplasm conductivity
of SEC13 mutants and membrane permittivity of MBA coated
cells were found to be affected when compared to the native
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cell lines. Those findings provide the necessary knowledge
regarding the ability to correlate molecular and cellular
markers, and changes on the matching complex dielectric
speetra and parameters of the cells.

2. Modeling the Dielectric Response
of Cells

Analysis of dielectric parameters depends upon cell
topography; therefore, an appropriate electric model
should be applied based on those characteristics. Most
biological cells can be treated as thin insulating shelled
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component (membrane) enclosing conducting medium
(cytoplasm). This simple description brought many
theories and models developed by several authors. The
first model of shelled-spheroid was introduced by Frick
[28]. later it was extended to the case of shelled-ellipsoid
particles [29]. Those models however, were limited to
low frequencies analysis. Since then, scveral models were
proposed by Pauly [30], Hanai [31], and Redwood [32].
Those however, suffered from several limitations. The
first complete model was introduced by Asami and Hanai,
who for the first time presented unlimited approach for
diclectric analysis of suspended shelled ellipsoids [33].

Fig. 1. Topographic images of cells: topography of joined MBA cells (70x70 mm) (a): topography
of single MDCK cell (40x40 mm) (b). Both images recorded in physiological conditions in DMEM solution

Both MBA and MDCK cells exhibit approximated elliptic
structure (Fig. 1), and therefore, can be treated using the
dispersed shelled ellipsoids analysis. Here the cells are
described as two phase systems (membrane and
cytoplasm) surrounded by infinite and continuous medium
(Fig. 2). Based on the theory of interfacial polarization,
the complex permittivity of dispersed shelled ellipsoids
€", suspended in a medium with complex permittivity £, ,
is given by:
gy B el -2 1
3 k=x,v,2 Em €0 =8, )k
where 8:,( is the complex permittivity of the shelled
cllipsoid across the k axis, when:
e 8 ve; —e.,)
e e ) @
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and v is the volume ratio given by:
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- 3 is the volume fraction of the cells,
A; is membrane thickness and L, , L, (k =x,y,z) are
the depolarization factors, given by:
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Here the complex medium permittivity is represented
by the average value&, . It can be found within the range
of ¢, <&, <&", when it depends on cells concentration.
At low concentration, the medium around each cell is
assumed to be homogenous (cell free), and therefore,
g, =&, - When the cells concentration is high, cach single
cell surrounded by a mixture of cells and medium, and
therefore, € = €.
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3. Experimental

3.1 Preparation and analysis of cells

3.1.1. Cell cultures

Madin-Darby Canine Kidney Epithelial (MDCK)
wild type or stable transfected with SEC73-GFP. MBA-15
cells are marrow stroma derived osteoprogenitors [34]. The
cells were cultured in growth medium Dulbecco’s Modified
Essential Medium (DMEM) supplemented with 10 % heat-
inactivated fetal calf serum (FCS), 1 % glutamine and 1 %
antibiotics, and maintained in 5 % CO, at 310 K.
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Fig. 2. Shelled ellipsoid model: XY plane (left), Y-Z plane (right).€,, ., €,,,, &/ represent
the complex permittivity of medium, membrane (red) and cytoplasm (yellow), respectively

3.1.2. Fluorescence-activated cell sorter (FACS)

Binding of biotinvlated-lectin Helix pomatia (HPA,
Sigma) to cell surface carbohydrate residues expression
were analyzed by FACS. For the analysis adherent cells
were released from culture using 0.5 mM EDTA in PBS.
Single cell suspensions were blocking buffer, PBS
containing 1 % FCS, then the cells were incubated for 30
min on ice with /PA-biotin conjugate and stained with
Extravidine-FITC (Sigma). 10* cells were collected by
FACS, and statistical analysis was performed using
software from Becton Dickinson as described earlier [35].
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Fig. 3. FACS and GFP analysis
Quantifying FACS data (a): the level of fluorescence
intensity is given by the X axis, the number of cells is
given by the Y axis. Dot plots of lectin coated cells (HP4+)
and untagged cells (blank) (b): the level of fluorescence
intensity is given by the Y axis, the relative size of the cells
is represented by the forward scatter signal given by the
X axis. Single cell GFP staining of sec/3 proteins (c)
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3.1.3. Fluorescent microscopy observations

The MDCK-GFP-transfected cells were observed
with inverted fluorescent microscope (Zeiss, Axiovert
200M, Germany). The images were acquired with an
Axiocam MRm monochrome CCD camera. The CCD
camera drive and colour acquisition were controlled by
Axiovision 4.4 imaging system, the composites of the
digitized images were assembled using Adobe [36].

3.1.4 AFM analysis

The morphological parameters of the cells were
measured using Atomic Force Microscopy (Pico SPM II,
Molecular Imaging). The topography of the cells was
recorded in contact mode using Silicon nitride tips (Veeco
NP-series, k=0.06 N/m). Force setpoint was taken to be
5 nN with scan rate of 0.4 lines/s. The cells were imaged
in physiological conditions in a specific fluid cell covered
with 200 pl of the cell serum (growth medium). Several
cells were then analyzed in order to obtain their average
geometrical dimensions.
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3.2. Dielectric measurements

Dielectric measurements of cell suspensions were
carried out over a frequency range from 100 Hz to 100
MHz using 4284A LCR meter and 4294A Precision
Impedance Analyzer (Agilent tech.). All measurements
were carried out using parallel plate condenser consisting
of Pt black coated electrodes and a Teflon spacer. The air
capacitance was 0.26 pF, total volume of 750 pl.

The suspension medium was evaluated before each
measurement for both conductivity and relative
permittivity. Cells at specific concentration were filtered
out from the growth medium and then suspended again in
a fresh medium (total volume of 750 pl) before each
measurement. All measurements were performed at room
temperature (298 K); evolution of measurements is
summarized in Table 1. The measured data was corrected
for leads/cell inductance and polarization impedance
(section 3.3). In addition, non linearity of current was
checked to avoid errors in correction of polarization
impedance which can have large impact on the measured
data (section 3.3).

Table 1

Measurements of cell suspensions

Cell type Volume fraction Number of samples Recorded Cycles
MBA 0.03 3 2
MBA-/ectin 0.03 3 2
MDCK 0.05 3 2
MDCK-sec 13 0.05 3 2
The measured dielectric spectrum was extracted
from the corrected impedance data using an equivalent
electric circuit (Fig. 4). Here C, =C,(¢"— je") is the ' '
complex capacitance of the suspension and R ; ; lc_f'
represents the leakage current through the capacitor (dc cr R, : Le : L
conductivity). Extraction of phase parameters was — AN T
performed by fitting the mixed dielectric equation (Eq. 1) ! : R,
to the measured dielectric spectrum according to the Electrodes Polarization | p AN
procedure suggested before [33]. : : Sample
Cell'leads inductance

3.3. Linearity effect and impedance
corrections

The polarization impedance is independent of
current densities only for small densities. This
phenomenon is critical mainly in high conductive
samples and on low frequencies [37]. Here linearity of
the impedance was checked for platinum black
electrodes (~0.7 em?), against large reference, in
DMEM solution for frequency range from 100 Hz up
to 1 kHz (Figs. 5a, b).

Fig. 4. Equivalent electrical circuit. The sample is
represented by parallel capacitor (C ) and resistor (R )
which stand for permittivity and conductivity, respectively.
The effect of cell/leads inductance and polarization
impedance is modeled by inducer (L) and resistor-
capacitor (R, , C,) elements in series with the sample
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Fig. 5. Pt black electrodes and inductance characteristics.

Voltage versus current density at 100, 300, 700 and 1000 Hz (a): the limit of linearity is continuously increased with
frequency. Polarization capacitance versus current density at 100, 300, 700 and 1000 Hz (b): J,, indicates the current density
at 10 % deviation from linearity. Effect of polarization impedance as function of frequency (c): the impedance exponentially

fades as the frequency increases. Apparent capacitance as function of medium resistivity (d): the inductance is extracted
by the slope of the obtained curve. The measurements were performed at high frequency (1IMHz) to avoid the electrodes
polarization effect

The results indicate the limit density of 0.6 mA/cn?
at low frequencies, up to 2.4 mA/cm* at 1 kHz. It means
that the limit of linearity shifts towards higher current
densities as the frequency is increased. Based on those
results, the voltage of linearity should be set for <200 mV
in order to avoid non-linear effects which introduce
significant errors to the impedance signal.

Electrode polarization was corrected for both
resistance and capacitance effects (Fig. 5¢) based on the
procedure suggested before [38]. Here polarization
capacitance (C,) and resistance (R,) are given by:

sl B oy R:C @
Cw (RCw) | | C,0  (R,C,m) +1 ©)

’ R
R=(1+(RCO) )| R, +——2
1+ (reay) T+ (R.C.0) &)

where R is the sample resistance, C is the sample
capacitance; R and C are the measured parameters of
the sample. Based on the low volume fraction of cells,
the shielding effect caused by the cells is negligible, and
therefore, the reliability of this correction technique is
high [39].

Inductance of leads/capacitor was evaluated at high
frequency (1MHz) when the measured impedance is free
from polarization effects (Fig. 5d) [40]. Here the sample
capacitance was measured as a function of sample
conductivity (electrolyte concentration). The inductance
is then calculated as the slope of the obtained curve,
when

s dcC, (8)

L
¢ dR>’

m
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4. Results

4.1. Fluorescence-activated cell sorter
(FACS) and fluorescent microscopy
observations

FACS analysis of MBA-15 cells revealed binding
of HPA to cell membrane. Histogram (Fig. 3a) demonstrates
85 % of the cells that are stained with //P4. The intensity
of cell staining versus cells size is shown by dot plots
(Fig. 3b). This plot indicates the homogeneity of the tested
suspension based on the forward scatter (FSC) of each
cell. The obtained results indicate that the tagged
suspension (HPA+) is homogenous, and therefore,
confirm the lectin tagging on cells membrane.

Stable transfected MDCK with SECI3-GFP are seen
clearly by fluorescence microscope. The over expressing
cells of green protein is distributed through the cytoplasm
(Fig. 3c).

4.2. AFM analysis

The morphological parameters of cells were
measured using Atomic Force Microscopy. Topography
(Fig. 1) of both MBA and MDCK cells was recorded.
Several cells were then analyzed in order to obtain their
average geometrical dimensions. Cross-section analysis
revealed information about the average dimensions of MBA
and MDCK cells respectively: Average length (central axis):
24 pm, 26 pm; Average width (central axis): 10 pm,
18 um; average height (central axis):1.2 pm, 1.6 pm.

4.3. Dielectric measurements

Based on the topography of MBA and MDCK cclls
(Fig. 1), both of them can be approximated as single-shell
ellipsoids. Here the cytoplasm is bound by a membrane of
finite thickness d, with inner dimensions R, R, R_.The
interface (phospholipids membrane), that separates the
different dielectric layers, introduces two possible dispersion
mechanisms caused by both conductivity and permittivity
differences between the cytoplasm and the exterior medium.

When multiple dispersions exist, each is sensitive
to relaxation at a specific interface. Here the interface of
the membrane-cytoplasm is expected to be most sensitive
to the changes related to conductivity and capacitance of
these components (Maxwell-Wagner effect). It means that
the induced dipole, and hence the complex dielectric
spectrum, are dependent on the electrical properties of
both membrane and cytoplasm.

Due to the diclectric properties of cells, the
cytoplasm conductivity and the membrane permittivity
should be influenced by molecular changes occurring on
those phases respectively. Here MBA and MDCK cell lines
have been subjected to dielectric spectroscopy. In addition,
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the treated cell lines of both strains (MBA-lectin coated,
MDCK- SEC13) were investigated and compared to the
untreated cells.

The obtained dielectric spectra of the cells are given
in Fig. 6. All experiments indicate a dispersion mechanism
which is accounted for the Maxwell-Wagner effect
(interfacial polarization). Additionally, sub dispersions are
obtained, which resulted from large variation of the
depolarization factors along the three axes. The deviation
of dielectric values around 1 kHz is related to the effect
of electrode polarization, which can not be corrected
completely. The steep rise in conductivity values at high
frequencies is related to contribution of additional
dispersion mechanism, which probably is related to pure
dielectric relaxation governed by permittivity differences
between the cytoplasm and the medium.

Comparing the complex dielectric spectra of MBA
WT (Wild Type, untreated cells) cells and the lectin coated
cells (Fig. 6a) reveals clear differences between those two
cell lines. The obtained dielectric constant (£”) of the
treated cells is found to be higher than the WT cells. This
rise is expected due to the presence of charged groups on
the¢ membrane, which affect its capacitive part.
Additionally, based on the dielectric loss (8”) spectrum
(Fig. 6d), changes are also obtained on the frequency
dispersion characteristic. Here the loss factor is shifted to
lower frequencies due to the increase of membrane
capacitance. This is caused by the change in polarization
relaxation time of cells: fpem-cyr =1/ T mem-cye » Which is
affected from both membrane capacitance and cytoplasm
conductivity (7., increased).

The obtained MDCK spectra (Figs. 6b, ¢),
demonstrate remarkable differences at relatively high
frequencies when charge and ion migration (conductive
polarization) start to fade. This happens when the
frequency exceeds the inverse relaxation time (7, ,...)
of the medium-membrane interface. Here the SEC3 cells
exhibit higher dispersion characteristics comparing to the
WT cells. This is probably caused by the changes occurred
in cytoplasm conductivity, which affected the cytoplasm-
membrane relaxation time. The characteristic frequency
of cells (T,,em—cy ) 18 NOW increasing due to the decrease
in cytoplasm resistivity.

In order to estimate the exact dielectric parameters
of the cells, the mixed dielectric equation (Eq. 1) was fitted
to the experimental data. Here the best phase parameters
have been evaluated based on the average values of 6
measurements for each cell type. Additionally, the membrane
conductivity, which is very low, especially in non-excitable
cells [41], was neglected and assumed to have no effect on
the obtained spectra. The thickness of MDCK and MBA
membranes was taken to be 6 nm [42-47]. The fitted
parameters are summarized in Table 2.
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Fig. 6. Dielectric spectra of MBA and MDCK cell suspensions: dielectric and conductivity spectra of MBA and MBA-lectin
suspensions (a), dielectric and conductivity spectra of MDCK and MDCK-secl3 suspensions (b), high frequency
observation on MDCK and MDCK-secl3 spectra (c), loss spectra of MBA and MBA-lectin suspensions (d), loss spectra of
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Table 2
Dielectric characteristics of cells
Cell £, G _(mS/cm) E C,..(uFfcm®) g o,(mS/cm)
MBA 81 8.5 6.11 0.54 68 7.24
MBA-lectin 81 8.5 7.53 0.66 67 7.12
MDCK 84 9.1 4.72 0.42 70 9.30
MDCK-sec 13 84 9.1 4.85 043 3 9.98

The obtained phase parameters indeed indicate clear
changes between both W7 cell lines and their mutants. As
expected, the membrane capacitance of lectin tagged MBA
cells was found to be higher than in the W7 cells. In addition,
small changes in cytoplasm conductivity and permittivity
are noticed; those may be related to sub structural or
molecular changes caused by the ectin binding.

The phase parameters of MDCK cell lines indicate
clear difference in cytoplasm conductivity between WT
and treated cell lines. This change is related to the over-
expression of SEC/3 protein. The small change in
cytoplasm permittivity may be attributed to the polarization
characteristics of this protein which is additive to the total
dielectric polarization (8;., ) of the cytoplasm.

The effect of membrane conductivity was evaluated
separately in order to avoid errors in the fitted parameters.
Phase parameters were found to be independent of
membrane conductivity up to values of ~10° S/m. When
membrane conductivity was increased, major changes
were obtained on membrane permittivity (€,,,). Those
changes however, didn’t affect the ratio between parallel
phase parameters of W7, and treated cell lines, on both
cell types. It means that membrane conductivity can only
fundamentally affect membrane permittivity. If the
conductivity is low (low ion channels activity), then it
behaves like a pure dielectric membrane with large
capacitance values. Otherwise, when the conductivity is
significant (high ion channels activity), the membrane is
partially lumped with the cytoplasm and hence, reduces
the effective influence of membrane as isolating shell.

5. Discussion

This study is aiming to demonstrate the use of DS
as a screening tool after cellular and molecular markers.
The screening ability of fine differences on membrane
permittivity, and cytoplasm conductivity, has been
demonstrated using MBA and MDCK cells respectively.
The analysis is based on the comparison of differences in
intra-cellular proteins using MDCK over-expressing SEC1 3
and membrane binding of lectin on cell surface of MBA
cells. The observed dielectric spectra allow clear distinction
between treated and untreated cell lines and hence, confirm
the applied biological modification on both treated cell lines.

Based on the fitted phase parameters of cells, changes
in the matching dielectric characteristics of the tagged cells
were observed (Table 2). Those changes are well adapted
to the cellular and molecular state of modified cells. The
lectin coating on MBA cells increased membrane
permittivity. Here the membrane is more polar and
hydrophilic comparing to the membrane of the untreated
cells. The obtained relative permittivity values (MBA-lectin=
=7.53, MBA = 6.11) are therefore representative of those
changes.

The cytoplasm conductivity of MDCK-SEC13 cells
was clearly affected by the over-expression of SECI3
protein. SEC/3 is known to be one of the most important
proteins related to transport mechanism between the ER
(Endoplasmic Reticulum) and Golgi apparatus; Its main
activity is related to vesicles budding and release [48, 49].
In cytoplasm, SEC/3 is found as part of heterooligomery
complex (150 kDa) [49]. Based on its molecular function
it seems reasonable that over-expression of SEC/3 will
lead to additional sub-expressions and formation of
associate proteins related to this complex. Therefore, the
net molecular charge in cytoplasm will also be affected
by those products.

The obtained cytoplasm conductivity of MDCK-
SECI3 cells (9.98 mS/cm) is therefore partially affected
by the above phenomenon, but it is not in contradiction to
the fundamental finding regarding more general change in
cytoplasm conductivity when compared to the native cells
(9.3 mS/cm).

The obtained differences in phase parameters of
cells can be clarified through the use of equivalent two
phase model, which describe the nature of relaxation in
single shell ellipsoid cells. Here, the induced dipole depends
on the electrical properties of both membrane and
cytoplasm. Therefore, the internal interface of the
membrane and hence the membrane-cytoplasm relaxation
time, should be affected by the molecular changes
occurring on those two phases.

At a low frequency the conductive polarization is
dominant over dielectric polarization; therefore, the
conductive charging of membrane is producing large
polarization across the membrane. When the frequency is
increased so that it exceeds the inverse RC time of the
polarized membrane-cytoplasm interface, field penetration
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into the cytoplasm interior will occur, resulting in
dispersion (relaxation) that is governed by the conductivity
of the cytoplasm and membrane capacitance.

The equivalent electric circuit of the above
phenomena is modeled by two parallel R-C (resistor-
capacitor) clements [50-52] which represent the
conductivity and capacitance of both membrane and
cytoplasm. The relaxation time of the equivalent system
is given by Equation 9.

R Rmm (Cf.j’.l' + Cmem )

_ Temt
= 9)
Rcy: T Rmem (
The thin dielectric membrane capacitance is given

EM{'?H f d

mem

by when d,,,,, <<d,, therefore, it is much

higher than that of the cell interior. Since membrane of
biological cells is considered as low conductivity elements

[41], the resistor component ( R__ ) can be ncglected

mem
(yields very high resistivity). The low conductive
membrane is then assumed to be an ideal insulating
membrane. Therefore, the charge relaxation time is simple
resistor-capacitor relaxation time, when the membrane
capacitor is coupled fo the conductive cytoplasm (resistor).

=R C o =1/R

el mém 3 mem

— 0

L]

o #2C5 (10)

In order to define the relaxation time in ellipsoid
cell systems, the permittivity cquation for shelled-ellipsoid
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cell (Eq. 2) can be modified to Debye type (Eq. 11)
[53-55]. 1t should be assumed that both of the components
(membrane and cytoplasm) are loss free, and also have
well defined constant characteristics at the given
frequency range. This assumption does not exclude the
possibility that those components demonstrate dielectric
loss in higher frequency range.

Eu —Eum 3}:
T (11)
JWE,
Here €, is the limit is the limit of permittivity at high
frequency, is the dispersion magnitude, is the relaxation
time, is the angular frequency and is the dc conductivity at

low frequencies. Based on Eqs. 11 and 2, the relaxation
time across each axes of the ellipsoid is given by:

Eom +(Ly —vL, X/ - €,,)
0
oam + (Lik - VLk Xaf = Gom)
For low conducting and very thin membrane the
relaxation time is rewritten as:

E, =&, + =
ck hk I+ jor, k=x,y,z

T = (12)

£
L=y =
! Daf(LM_VLt),am_)Oj
(Ly —vL)—0 (13)

The relaxation times and characteristic frequencies
of both native and treated MBA and MDCK cell lines are
summarized in Table 3. In addition, the dielectric loss
spectra of cells are given in Fig. 7.

Table 3
Relaxation and frequency characteristics
Cell . % 5 g
E 7.(s) f.(MHz) r},(s) S, (MHz) 7,(s) f-(MHz)
MBA 8.9:107 1.1 1.5-107 6.7 1.3-10% 76.9
MBA-lectin 1.1:10°¢ 0.9 2.9-107 3.4 1.7-107" 58.8
MDCK 53107 1.9 9.4-107° 10.6 82107 121
MDCK-sec 13 5.1-107 20 8910 11.2 79107 126

As suggested in the result section, both cell lines
exhibit differences in relaxation times between WT and
mutants (treated cells). Both differences are attributed to
changes occurred on cytoplasm conductivity and
membrane permittivity which affected the conductive
relaxation of the cells. The increase of relaxation times in
MBA-lectin tagged cells is attributed to the rise of
membrane permittivity. Here the charging effect caused
by lectin antibodies, increased the membrane capacitance,
and hence, increased the relaxation times of the cells. The
opposite effect is observed in MDCK cell lines. Here the
over-expression of SEC 3 protein increased the cytoplasm
conductivity (resistivity decreased) and hence, the

relaxation times were found to be lower than expected.
The equivalent loss plots (Fig. 7) support those findings.
Here the characteristic frequencies found to be slightly
shifted according to the changes occurred in relaxation
times of both cells.

Those changes are directly attributed to the
differences occurred in dielectric characteristics of the
treated cells (MBA-lectin, MDCK- SEC13) comparing to
the native ones. Of course, changes on relaxation times
of cells lead to changes on relaxation times of the whole
cells-medium system, and therefore, differences are also
obtained in the dielectric spectra as presented in Figs. 6d
and e.
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The unique findings presented in this study highlight
the power of dielectric spectroscopy as a potential screening
tool after molecular and cellular markers. Here, target
identification of specific cellular phenotypes has been
demonstrated using dielectric screening method. Using the
fundamentals of mixed dielectric theories, the electric
properties of cells were determined by fitting the well-
established shelled-ellipsoid model into the measured spectra.
Those unique properties were found to be well adapted to
the molecular and structural state of the analyzed cells.
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The high sensitivity of DS, as demonstrated here
as well as by other authors [6-9, 21-25, 56-61], has a
promising potential as a screening tool on live cell libraries.
It can be used for quantative and systematic analysis on
multiple Micro-libraries labeled with specific probes in non
invasive and non destructive way. It can also allow real
time screening after fine biochemical effects on both
cellular and molecular level, which can not be detected
using the traditional screening assays.
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Fig. 7. Loss spectra of MBA and MDCK cells: MBA and MBA-lectin cells (a), MDCK and MDCK-secl3 cells (b).
Here the losses are given by the x, y, z axes of cells

List of symbols

R ,R;y,R;; - Semi axes of cell.

A; - Thickness of phospholipids membrane.

N - Number of cells.
@ - Volume fraction of cells.

g; - Complex permittivity of external medium, when:

Em = Em = JEm = Em = JO, N0EQ)-
g; AL Complex permittivity of membrane, when:

» ’ -

Eom =Eom ~ JE;m = E:)m = JO om (@Eg)"
g - Complex permittivity of cytoplasm, when:
& =¢€[ - je] = €] - jo; [(0e) -

€, - Permittivity of free space =8.85-107"> C?/Nm’.
med - External medium.
mem - Membrane.

eyt - Cytoplasm.
d - Thickness.
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BIOJIOTTYHUAM CKPUHIHI HA OCHOBI
KJITHH JUIS COEIAJIbHAX MEMBPAHHHUX
1 HIUTOILIASMATHYHUX MAPKEPIB
3 BAKOPHCTAHHSAM JIEJIEKTPHYHOI
CHEKTPOCKOIIII

Anomauia. ITokazano sidobpaxcarovuii nomenyian
dieaexmpuunoi cnexkmpockonii (JC) za yumonaazmamuunumu i
MeMOpanHuMy MapKepamu Oas CKPUHIHZ-GHATIZY HA OCHOGT KAIMUH.
Busueno enaue dienexmpuunoi nponuxrocmi i yumonaasmoeof
npogionocmi 3 aukopucmannam mivenux MBA i MIICK ninii kaimun
6ionoeiono. [lopisuannam dierexmpuunux cnexmpie mivenux i
npUPOOHUX RN KNIMuUN 6CMAN0BREHO YiMKY PIZHUIO MINC HUMIL.
Busnaueno, wo icnye pisnuys 6 0ieieKmpuiHUX 6AACMUROCMAX
waimun. IHidomeepoxceno eucoxoposdizery 30amuicms i uymiusicms
AC cmocosno monrexyasprux i Kiimuunux 3min i 3anponorogano
suxkopucmosysamu nomenyianr J{C ax neineazuenuii 3acib ckpuninzy
8 docnioxcennax Gionoail knimus.

Kriouoai cnosa: dienexkmputna cnekmpockonis, mixcphasua
nonapusayis, krimuwnuti ckpunine, SECI 3.



